Transgenic tobacco plants (V123 plants) expressing a set of full-length brome mosaic virus (BMV) genomic RNAs from the cauliflower mosaic virus 35S promoter were produced. The accumulation level of BMV RNAs in V123 plant cells was approximately 1% of that in nontransgenic tobacco protoplasts inoculated with BMV RNAs. The level of BMV RNA in V123 protoplasts did not increase after inoculating the protoplasts with BMV RNAs, whereas V123 protoplasts supported the accumulation of cucumber mosaic virus (CMV) RNAs to a level similar to that in non-transgenic tobacco protoplasts after inoculation with CMV RNA. Such BMV-specific resistance was also observed in protoplasts from V12 plants expressing full-length BMV RNA1 and RNA2, both of which are required and sufficient for BMV RNA replication. On the other hand, protoplasts from M12 plants, expressing truncated BMV RNA1 and RNA2 in which the 3' 200 nucleotides required for BMV RNA replication were deleted, exhibited weaker resistance to infection with BMV RNA than V12 protoplasts, although the accumulation level of truncated BMV RNA1 and RNA2 in M12 protoplasts was higher than that of BMV RNA1 and RNA2 in V12 protoplasts. These results suggest that expression of BMV RNA replicons is involved in the induction of resistance, rather than high-level accumulation of BMV RNAs and/or their encoded proteins.
Introduction
The genome of brome mosaic virus (BMV), which infects grasses of the family Gramineae, is composed of three RNA species (Ahlquist, 1992) . RNA1 and RNA2 encode proteins la and 2a, respectively, which are required for RNA replication and are components of the BMV replicase complex. RNA3 encodes the 3a protein, which is thought to be required for cell-to-cell movement of the virus. Subgenomic RNA4, which encodes the capsid protein (CP), is synthesized by viral replicase from a promoter present in the minus-strand of RNA3 (Miller et al., 1985) .
Transgenic plants expressing viral genes or their segments become resistant to infection with the virus from which the transgene is derived. The mechanism(s) underlying such pathogen-derived resistance, however, remain to be defined clearly. It is known that transgenic plants expressing either intact or mutant forms of some viral replicase gene(s) are resistant to virus infections (see review by Carr & Zaitlin, 1993) , whereas transgenic plants and/or protoplasts expressing the replicase genes of alfalfa mosaic virus or BMV are able to support * Author for correspondence. Fax + 81 75 753 6146.
replication of their respective genomic RNA3 and subgenomic RNA4 (Taschner et al., 1991; Mori et al., 1992) .
In the BMV system, however, repeated experiments have revealed that protoplasts from transgenic plants which express full-length BMV RNA1 and RNA2 (V12 plants) hardly support replication of genomic RNA3 and subgenomic RNA4 (unpublished data). In contrast, protoplasts from transgenic plants expressing viral replicase proteins la and 2a (M12 plants) consistently support replication of BMV RNA3 and subgenomic RNA4. Similarly, transgenic tobacco plants that express genetically engineered BMV RNA3 carrying the human interferon-7 gene, and BMV replicase component proteins la and 2a, produced chimeric RNAs 3 and 4 (Mori et al., 1993a) . The accumulation levels of chimeric RNAs 3 and 4 in the plants was approximately fivefold higher than that of transcripts synthesized under the control of the cauliflower mosaic virus (CaMV) 35S promoter. However, the accumulation levels of chimeric RNAs 3 and 4 in the transgenic plants were extremely low compared with those in non-transgenic tobacco protoplasts inoculated with the chimeric RNA3 together with BMV RNAs 1 and 2.
To overcome an impediment in this 'mRNA amplification system' (Mori et al., 1993a) and to obtain further insight into the observed suppression of BMV RNA accumulation in V12 transgenic tobacco plants, transgenic tobacco plants expressing various combinations of BMV genomic RNAs or replicase genes were produced and their protoplasts were tested for susceptibility to infection with BMV RNA or cucumber mosaic virus (CMV) RNA. In protoplasts of transgenic plants expressing a set of three full-length genomic RNAs of BMV or both RNAs 1 and 2, the accumulation level of BMV RNA was very low and the protoplasts were resistant to superinfection with BMV RNA. This observation sheds new light on virus resistance mechanisms in plants.
Methods
Transformation of tobacco plants. V123 plants were constructed as follows: pBICBPBR3 (Mori et al., 1993a) containing a full-length cDNA of BMV RNA3 and the bar selectable marker gene, which confers resistance to the herbicide bialaphos, was mobilized into Agrobacterium tumefaciens (strain LBA4404) using Escherichta eoli HB101 harbouring pRK2013 as described (Bevan, 1984) . Transformation of V12 plants (Mori et al., 1992) was carried out using the leaf disc transformation method (Horsch et al., 1985) . Transformed shoots and roots were selected by propagation on medium containing both kanamycin and blalaphos and explants were eventually transferred to a greenhouse for production of mature plants.
V 13 and V23 plants were selected from F~ progeny of V 123 plants by Northern blot analysis for the expression of RNAs, V3 plants were produced by transforming SR1 tobacco with pBICBPBR3 as described above.
Integration of BMV cDNAs into the plant chromosome was confirmed by Southern blot analysis (Sambrook et al., 1989) . Transgenic and non-transgenic tobacco plants were maintained in a greenhouse controlled at 25 °C.
Preparation of virions from Vl23 plants.
Fifty grams of fresh leaves of 6-week-old V123 plants were powdered in liquid nitrogen and blended in homogenization buffer (0.2M-sodium acetate, 0"01 Mascorbic acid, 0.01 M-disodium EDTA pH 4.8). The homogenate was passed through four layers of gauze and kept at 4 °C for 1 h. After centrifngation at 16000 g for 10 rain, 6 % (w/v) polyethylene glycol (PEG) M r 6000 was added to the supernatant and incubated at 4 °C for 1 h. The precipitate obtained by centrifugation at 16000 g for 15 rain was resuspended in storage buffer (0-1 M-sodium acetate, 1 mMdisodium EDTA, 1 raM-sodium azide, 0.01 M-MgC12 pH 5.0) overnight at 4 °C. The suspension was cleared of undissolved materials by centrifugatxon at 7000g for 10 rain and the clarified solution was layered on storage buffer containing 60 % (w/v) sucrose and centrifuged at 64000 g for 1 h. The vlrlon fraction was dialysed against a 500-fold volume of storage buffer. The virus concentration was estimated spectrophotometrically using the A2~ 0 value (Bockstarhler & Kaesberg, 1965) and stored at 4 °C.
hwculation of protoplasts with wral RNA. BMV KU1 strain (Mise et al., 1994) and CMV Y strata were used. RNAs were extracted from viraons as described (Kroner & Ahlquist, 1992) . Protoplasts were isolated from transgenic or non-transgenic tobacco plants at the five-to six-leaf stage as described (Okuno & Furusawa, 1979) and inoculated by the PEG method (Ballas et al., 1987) with viral RNA at a concentration of I gg/ml. Following Inoculation, protoplasts were incubated at 25 °C for 24 h (Okuno & Furusawa, 1979) .
RNA extractton and Northern blot analysis.
Total RNA was extracted as described (Chomczynski & Sacchi, 1987) . The RNA was denatured in formaldehyde/formamide and fractionated in a 1.5 % agarose gel containing 1-8% formaldehyde and transferred to a Hybond-N+ (Amersham) hybridization membrane. A ~2P-labelled SP6 RNA polymerase transcript from pBSPL10 (Mori et al., 1992) , containing the Y-terminal 200 bp HindIII/EcoRI fragment of BMV RNA3 cDNA, whose sequence is conserved among all BMV RNAs, was used to detect (+) strand BMV RNAs. Negative strand BMV RNAs were detected by a 32p-labelled SP6 RNA polymerase transcript from pBSM10 (Morl et al., 1993a) which contains the 3'-terminal 200 bp fragment of BMV RNA3 cDNA in the opposite orientation to pBSPL10. RNA1 and RNA2 lacking the 3' non-coding regions were detected by 32P-labelled SP6 RNA polymerase transcripts from pBSL1 and pBSL2 (Mori et al., 1992) , respectively. CMV RNAs were detected by a a~P-labelled T7 RNA polymerase transcript from pCY200T, kindly provided by M. Nakayama, containing the Y-terminal 200 bp fragment of CMV RNA3 cDNA, whose sequence is conserved among all CMV RNAs. The accumulation level of BMV RNAs was determined by analysing Northern blots with a digital radioactive imaging system (Fuji Film).
Western blot analysis. Accumulation of BMV CP in V123 plants was analysed by a Western blotting method (Mori et al., 1993b) using an antiserum to BMV CP.
Results

Production of transgenic tobacco plants expressing BMV RNAs 1, 2 and 3
Transgenic tobacco plants expressing the entire sequence of BMV RNA1 and RNA2 (V12 plants; Mori et al., 1992) were transformed with an Agrobacterium binary vector (designated pBICBPBR3) which contains a fulllength cDNA of BMV RNA3 linked to the CaMV 35S promoter and a bar gene as a selectable marker that confers resistance to bialaphos. Transgenic tobacco plants resistant to both kanamycin and bialaphos were obtained. Integration of cDNAs was confirmed by Southern blot analysis and plants containing a complete set of cDNAs to BMV genomic RNAs were designated V123 plants. Four lines of V123 plants, thus obtained, did not exhibit any symptoms or show any delay of growth. The F 1 progeny of these V123 plant lines were used in subsequent experiments.
Accumulation of BMV RNAs in V123 plants
Viral RNA accumulation in various lines of V123 plants was analysed by Northern blot hybridization using total extracted RNA. Approximately 1 ng of BMV RNAs was detected in 10 gg of total RNA from 6-weekold (five-to six-leaf stage) V123 plants (Fig. I a; lanes 2~), while approximately 100 ng of BMV RNAs was detected in I0 gg of total RNA from non-transgenic SRI tobacco protoplasts inoculated with BMV RNA at a concentration of 1 ~tg/ml (Fig. 1 a; lane 5) . Detection of subgenomic RNA4, which is synthesized from minusstrand RNA3 by BMV replicase (Miller et at., 1985) , and ,.~q- detection of m i n u s -s t r a n d s of B M V R N A 1 , R N A 2 a n d R N A 3 (Fig. 1 b) indicate that the B M V R N A s t r a n s c r i b e d f r o m transgenes by p l a n t D N A -d e p e n d e n t R N A p o l y m e r a s e replicated a u t o n o m o u s l y in the V123 p l a n t cells. T o test the biological activity o f B M V R N A transcripts expressed in V123 plants, B M V virions were p r e p a r e d f r o m leaf samples of the t r a n s g e n i c plants (V123 p l a n t line 5) a n d i n o c u l a t e d o n t o local lesion host plants (Chenopodium quinoa) a n d systemic host p l a n t s (barley). U s i n g a n i n o c u l u m c o n t a i n i n g the same c o n c e n t r a t i o n o f B M V virions (50 ng virions/~tl), the n u m b e r o f lesions f o r m e d o n C. quinoa leaves was of the same order as t h a t of the c o n t r o l i n o c u l a t i o n with purified B M V virions isolated f r o m systemically infected barley p l a n t s ( a b o u t (Fig. 2 a) , while C M V R N A a c c u m u l a t e d to the level seen in n o nt r a n s g e n i c SR1 t o b a c c o p r o t o p l a s t s i n o c u l a t e d with C M V R N A (Fig. 2 b) . Similar results were o b t a i n e d using all four lines of V123 plants. tested for their susceptibility to infection with BMV RNAs or CMV RNAs. Protoplasts from transgenic tobacco plants expressing full-length BMV RNA1 (V1 plants; Mori et al., 1992) , full-length RNA2 (V2 plants; Mori et al., 1992) , or full-length RNA3 (V3 plants) were susceptible to infection with either BMV RNAs or CMV RNAs (data not shown).
l e s i o n s / h a l f C. quinoa leaf, d a t a n o t shown). T h e infectivity of virions f r o m V123 plants to barley was also the same as that o f the c o n t r o l i n o c u l a t i o n ( a b o u t 90 % o f i n o c u l a t e d barley plants showed systemic s y m p t o m s , d a t a n o t shown).
Susceptibility of V123 protoplasts to infection with B M V and C M V
Susceptibility of protoplasts from transgenic tobacco plants expressing various combinations of full-length B M V RNA1, RNA2 or RNA3 to infection with B M V and C M V
Protoplasts from transgenic tobacco plants expressing both full-length BMV RNA 1 and RNA3 (V 13 plants), or both full-length RNA2 and RNA3 (V23 plants) were also susceptible to BMV and CMV infection (data not shown). By contrast, protoplasts from transgenic tobacco plants expressing both full-length BMV RNA1 and RNA2 (V12 plants) were resistant to infection with BMV RNAs and susceptible to infection with CMV RNAs (Fig. 3) . The accumulation level of BMV RNAs in V12 protoplasts inoculated with BMV RNAs (24 h postinoculation, Fig. 3, lane 8) was less than 1% of that in non-transgenic SR1 tobacco protoplasts inoculated with BMV RNAs (Fig. 3, lane 4) .
SusceptibiliO' of transgenic tobacco protoplasts expressing both truncated B M V RNAs 1 and 2
Transgenic tobacco plants designated M12 plants (Mori et al., 1992) express BMV replicase genes on truncated forms of BMV RNAs 1 and 2, lacking the conserved 200 bp sequence at the 3' end, which is indispensable for BMV RNA replication. Susceptibility of M12 protoplasts to infection with BMV RNA was compared to that of V 12 protoplasts by analysing Northern blots with a digital radioactive imaging system. The accumulation level of BMV RNAs in M12 protoplasts was approximately 20-fold higher than that in VI2 protoplasts and 6-fold lower than that in non-transgenic SR1 protoplasts 24 h after inoculation with BMV RNAs (Fig.  3a, lanes 4, 8 and 12 ). The accumulation levels of truncated BMV RNA transcripts in mock-inoculated M12 protoplasts was approximately threefold higher than that of viral RNAs in mock-inoculated V12 protoplasts (Fig. 4) .
Discussion
It has been reported that some of the transgenic plants expressing either intact or mutant forms of viral replicase components exhibit resistance to infection with the virus from which the transgene was derived. Replicase genes mediating viral resistance include the 54 kDa protein gene of tobacco mosaic virus (TMV) (Golemboski et al., 1990) , a deleted 2a RNA polymerase gene of CMV (Anderson et al., 1992) , non-functional mutant replicases with modified GDD motifs of potato virus X (PVX) (Longstaff et al., t993) or of alfalfa mosaic virus (Brederode et al., 1995) . These results suggest that expression of a non-functional replicase component is important for virus resistance in the transgenic plants.
The non-functional replicase may compete with challenge virus replicase during virus replication. Such a mechanism is unlikely to be involved in tbe virus resistance observed in V12 and V123 protoplasts, which seem to express fully functional BMV replicase, since the virions obtained from unchallenged V123 plants showed infectivity similar to BMV virions obtained from infected barley leaves. Transgenic plants expressing an intact replicase gene of cymbidium ringspot tombusvirus were also resistant to the virus (Rubino et al., 1993) . It should also be pointed out that in several cases of replicasemediated resistance, the degree of resistance and the level of expression of the transgene are not directly correlated (see review by Baulcombe, 1994) . So, there may be different mechanism(s) underlying replicase-mediated resistance (see below).
Resistance to BMV RNA infection in M 12 protoplasts was also evident in repeated experiments, but the level of resistance was extremely weak compared to that in V12 protoplasts (Fig. 3) . M12 protoplasts express truncated BMV RNA1 and RNA2 in which the 3' non-coding regions are deleted. The 3' sequences alone are unlikely to be involved in induction of the strong resistance observed in V12 and V123 protoplasts, since V1, V2, V3, V13 and V23 protoplasts expressing full-length BMV RNA(s) were susceptible to infection with BMV RNA. It should be noted that the truncated BMV RNA1 and RNA2 expressed in M12 plant cells function as mRNAs for BMV replicase proteins la and 2a but not as replicons by themselves. So BMV RNA1 and RNA2 expressed in V12 plant cells would be expected to accumulate to higher levels than the non-replicative truncated RNA1 and RNA2 in M12 plant cells. The results obtained in this study, however, showed that the accumulation levels of replicable viral RNAs in V12 protoplasts were lower than those of the 35S promoterdriven transcripts in M12 protoplasts (Fig. 4) . We speculate that the low level accumulation of RNA1 and RNA2 in V12 protoplasts is caused by mechanisms similar to the mechanism conferring strong resistance to infection with BMV RNA on V12 protoplasts.
These results suggest that expression of autoreplicable viral RNAs by itself, rather than high level accumulation of viral RNAs and/or their encoded proteins, is a crucial factor involved in the induction of strong viral resistance observed in V12 plant cells. RNA1 and RNA2 replicon expression in V12 and V123 plant cells may greatly influence the metabolism of the cells, which could induce an unknown response involved in virus resistance.
Such host responses may be triggered by a temporarily high accumulation of RNA1 and RNA2. Recently, Lindbo et al. (1993) and Dougherty et al. (1994) proposed a model to explain the correlation between transgene expression and induction of an antiviral state in the cells of transgenic plants. This model hypothesizes that elevated transgene expression causes a cytoplasmic activity that targets specific RNA sequences for inactivation. Smith et al. (1994) suggested that transgene expression over 'the RNA threshold level in the plant cell' may trigger the host response. This model may explain the results presented here for 4/4 transgenic lines, as well as the phenomenon known as 'gene silencing' in transgenic plants having a transgene homozygous for the silenced locus (Neuhaus et al., 1991 ; de Carvalho et al., 1992) .
Alternatively, it should be noted that tobacco plants transformed with a full-length cDNA of TMV RNA can support TMV replication to the level similar to that in systemically infected tobacco plants (Yamaya et al., 1988) . Since tobacco is a host plant for TMV but not for BMV, the strong suppression of BMV RNAs in V12 and V123 protoplasts may be due to a non-host-specific response. Induction of virus resistance in V12 and V123 protoplasts may be the result of tobacco cells recognizing the excessive level of BMV RNA and/or replicase as 'foreign substance', whereas TMV, which is highly adapted to tobacco plants was not recognized by the transgenic tobacco. It should also be pointed out that although BMV infects tobacco protoplasts, the virus accumulation level is about sevenfold lower than that in TMV-infected tobacco protoplasts (Maekawa et al., 1985) . Such differences in the potential for virus replication may cause different responses in the transgenic plants.
